P ulmonary arterial hypertension (PAH) is defined on the basis of the elevated pulmonary artery (PA) pressures and/or pulmonary vascular resistance (PVR). 1 PVR, a ratio of mean pressure gradient and blood flow in PA, assumes nonelastic PA conduits with static and nonpulsatile pressurevolume relationship. 2 However, PAs are highly distensible, with pulsatile energy losses in pulmonary circulation 2.5 times greater than that in systemic circulation. [3] [4] [5] Pulmonary impedance, the relationship of pulsatile pressure with pulsatile flow in frequency domain, is thus a more accurate measure of afterload in pulmonary circulation compared with PVR. [3] [4] [5] Its modulus (magnitude) has the same units as PVR but, in addition, it also accounts for the viscoelastic properties of the vessel (vessel stiffness or compliance) as well as pulse wave reflections. [4] [5] [6] Determinants of pulmonary impedance and PA pressure and flow, in turn, are closely coupled to right ventricular (RV) geometry, function, and chamber pressures. 7 It has been shown that PA stiffness increases early during PAH when PAH is detectable only with exercise before overt pressure elevations occur at rest. 8 Thus, decrease in PA compliance and increase in PA stiffness represent the earliest physiological manifestation of PA remodeling. This results in increased RV afterload, as measured by PA impedance. 5 Although pulmonary impedance measurements are feasible, 9 the need for invasive PA catheterization and simultaneous registration of PA flow (either invasively or by echocardiography) limits its clinical use. PA compliance and stiffness can be currently measured on the basis of the ratio of change in luminal diameter of PA with cardiac cycle (measured on echocardiography or cardiac magnetic resonance [CMR] imaging) and change in pressure (measured invasively). However, the need for invasive pressure measurements limits its use for detection of early PA remodeling or serial measurements. Pulse wave velocity (PWV) has been described as a noninvasive measure of arterial stiffness. 6 However, it has not been adopted for clinical use because of difficulty in reliably measuring PWV, its dependence on hemodynamic conditions, and need for a high temporal resolution CMR. Herein, we propose a novel completely noninvasive CMRderived measure of PA stiffness, velocity transfer function (VTF). This novel parameter relies on the fact that the compliance of the PA causes frequency-dependent changes in the shape of input velocity profile as it travels through the artery, thereby producing the output velocity profile. The stiffer the PA, the lower the change in velocity profile from input to output. A compliant PA leads to dampening of magnitude and change in shape of velocity waveform as the blood traverses through it. The frequency-dependent relationship between the input and output velocity profiles can be described by a transfer function, which is the ratio between the frequency spectra of output/input velocity. Details on the rationale for VTF are presented in Data S1, Figures S1 and S2. We hypothesized that stiff and elastic PA can be differentiated on the basis of the performance of VTF harmonics, consistent with performance of impedance harmonics. In this work, we sought to prospectively validate this hypothesis for pulmonary circulation using directly measured pulmonary impedance as a reference standard.
Methods Sample Population and Study Design
The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure. Subjects with clinically indicated outpatient right-sided heart catheterization (RHC) and willing to undergo CMR were prospectively recruited at the University of Alabama at Birmingham Hospital and The Kirklin Clinic. Subjects were excluded from the study if they were receiving inotropic therapy or ventricular assist device, had a history of heart or lung transplantation, or had any contraindication for CMR. A total of 104 subjects were screened, of which 39 were eligible to participate in the study. Twenty-six subjects consented to participate, of which 6 unsuccessfully attempted CMR examination because of realization of previously unknown claustrophobia. No medications were given for claustrophobia to avoid altering hemodynamic state at the time of CMR. A total of 20 participants were, thus, enrolled: 10 cases with moderately to severely elevated PVR (>2.5 Wood units [WUs] ) and 10 controls with normal or mildly elevated resting PVR (<2.5 WUs). 10, 11 The study was approved by the University of Alabama at Birmingham Institutional Review Board.
RHC, Doppler Echocardiography, and Invasive Impedance Measurement
After informed consent, participants underwent clinically indicated RHC with 5F Swan-Ganz fluid-filled catheter via right internal jugular vein under local anesthesia only without intravenous sedation. PA pressure waveform was then recorded in main PA 0.5 to 1 cm distal to pulmonic valve. With study subject in left lateral decubitus position and ultrasound transducer in left parasternal intercostal space (usually third or fourth), short-axis view of heart was obtained at the level of the aortic valve. Pulsed-wave Doppler echocardiography was then obtained in this view with 2-mm sample volume placed 0.5 to 1 cm distal to pulmonic valve in the main PA. Doppler echocardiography was obtained using Philips IE33 ultrasound system. Acquisition of RHC and Doppler echocardiography was done either simultaneously or
Clinical Perspective
What Is New?
• We have introduced a novel noninvasive parameter of right ventricular-pulmonary artery (PA) coupling, PA velocity transfer function, calculated as a ratio of the frequency spectra of output/input mean velocity profiles in the pulmonary arteries.
• Velocity transfer function has a strong association with invasive PA impedance independent of elevation in pulmonary capillary wedge pressure and accurately assesses PA stiffness and elevation in pulmonary vascular resistance.
What Are the Clinical Implications?
• We have demonstrated a novel rapid noninvasive method using phase-contrast cardiac magnetic resonance imaging that reliably estimates PA stiffness and pulmonary vascular resistance and can be used as a surrogate of invasive PA impedance.
• After prospective validation in larger and longitudinal studies, this proposed method could be used for noninvasive screening of pulmonary hypertension and follow-up assessment of PA stiffness in clinical studies.
immediately after the first modality (mean time difference between the 2 modalities was 2AE3 minutes). Bland-Altman analysis revealed excellent correlation and agreement between intermodality heart rate (Table S1 ). PA pressure obtained from invasive RHC and PA blood flow velocity profiles obtained from pulsed-wave Doppler were synchronized using ECG artifact, as described before. 12 These waveforms were then digitized ( Figure S3 ) using WebPlotDigitizer, version 3.8. The digital data were extracted as comma separated values format. The velocity profile was converted to flow profile using the formula: Q(t)=(cardiac output on RHC/ mean velocity)9V(t), where Q(t) is the calculated flow-time history and V(t) is the velocity-time history obtained from digitized pulsed wave Doppler waveform. 12 Impedance was then calculated by obtaining discrete Fourier transformation on the digitized data using Matlab, version 2015a. PVR was determined as follows: PVR=(PA mean pressureÀpulmonary capillary wedge pressure)/cardiac output. Other parameters of PA stiffness, including PA/aortic diameter ratio, pulsatility, compliance, capacitance, distensibility, elasticity, and stiffness index, were also measured. The definitions of PA stiffness parameters are detailed in Table S2 .
CMR and VTF Measurement
Comprehensive CMR consisting of cine and phase contrast sequences was performed on the same day of pressure-flow measurements to maintain the close temporal relationship and to minimize significant alteration in hemodynamic state (mean time difference between RHC and CMR was 2.4AE1.2 hours). Patient had no medications or interventions in between pressure-flow measurements on RHC and VTF measurement on CMR. Bland-Altman analysis revealed excellent correlation and agreement between intermodality heart rate, blood pressure, and cardiac index (Table S1) . CMR was performed on a 1.5-T magnetic resonance scanner (GE Signa, Milwaukee, WI) optimized for cardiac application. Phase-contrast CMR technique was used for flow measurements in the right PA, the longest branch of the pulmonary trunk that courses perpendicularly away from the pulmonary trunk before further segmentation. The proximal plane was positioned en face to the right PA 2 cm after its origin from the main PA. The distal plane was positioned parallel to the proximal plane %5 cm (4.9AE2.1 cm) distal to it. VTF was computed between measured mean velocity profiles at the proximal (input) and distal (output) portion of the right PA by taking the Fourier transform of the velocity profile at each location and dividing one by other at each harmonic as follows: VTF=V output (f)/V input (f), where V output is velocity profile at distal right PA and V input is velocity profile at proximal right PA. Further details on the rationale for VTF and its calculation are presented in Data S1, Figures S1 and S2. Phase-contrast CMR was performed using electrocardiographically gated, breath-hold fast gradient recalled echo phasecontrast sequence. One patient completed only phase-contrast portion of CMR and did not complete cine CMR because of claustrophobia. This patient was retained in analysis of VTF (calculated from phase-contrast CMR) but excluded from RV structure and function analysis.
Statistical Analyses
All data were presented as the meanAESD for normally distributed variables and median (interquartile range) for nonnormally distributed variables. Study participants were divided into 2 groups. One group consisted of participants with normal or mildly elevated resting PVR (low PVR group; <2.5 WUs). 10, 11 The other group included participants with moderately to severely elevated PVR (high PVR group; ≥2.5 WUs). 11 Demographic, clinical, hemodynamic, and imaging characteristics of these PVR groups were compared using t test or Mann-Whitney test as appropriate for continuous variables and Fisher's exact test for categorical variables. Repeated mixed-model analysis was performed on 0 and first 7 harmonics of impedance as dependent variable and VTF as predictor variable to assess linear association of VTF with impedance. Unstructured covariance structure for the error term was fitted to accommodate correlation between various harmonics from the same subject.
Zero harmonic represents the ratio of mean values. As the impedance is a ratio of pressure and flow waveforms, 0 harmonic represents ratio of mean pressure and mean flow, which approximates PVR. The effect of stiffness is often best observed in modulus of first 2 harmonics of impedance, with stiffer artery leading to high 0 harmonic modulus and delay in decline of modulus with high moduli in early harmonics. We, therefore, averaged the 0 and first 2 harmonics of impedance to form the mean low-frequency modulus (MLFM) of impedance. However, for VTF, 0 harmonic represents ratio of 2 mean velocities (input and output) and is close to 1. VTF modulus remains close to 1 at earlier harmonics, and differentiation between VTF moduli with varying degree of impedance is expected to happen at higher harmonics. We, therefore, averaged fifth, sixth, and seventh harmonics for the VTF to form the mean highfrequency modulus (MHFM) of VTF. The strength of association between impedance (MLFM), VTF (MHFM), PVR, and RV remodeling was studied using Spearman's rank correlation coefficient (q).
To estimate intraobserver and interobserver reliability in the calculation of VTF, phase-contrast CMR studies were evaluated by 2 cardiologists (twice by A.G. and once by H.G.) in an independent and blinded manner. Intraclass correlation was used to investigate intraobserver and interobserver reliability in calculation of MHFM of VTF, as previously described, 22 using openly available SAS code (https://www.
hsph.harvard.edu/donna-spiegelman/software/icc9/). Relative bias, defined as mean paired difference in MHFM of VTF, was used to investigate intraobserver and interobserver agreement.
Receiver operating characteristic curve analysis was performed to identify the optimal thresholds of the impedance MLFM and VTF MHFM for predicting PVR at predefined values. The following PVR thresholds were tested: ≥1.6 WUs (traditional normal range upper limit) 23 confidence interval (CI) for area under the curve (AUC) of the receiver operating characteristic curve and the P value to test the null hypothesis that AUC=0.5 by nonparametric methods were calculated. The Youden index criterion was used to identify the best cutoff value from the receiver operating characteristic curve. All analyses were performed using SAS, 9.4 (SAS Institute Inc, Cary, NC), or SPSS, version 23 (IBM, Armonk, NY). P<0.05 was considered statistically significant.
Results

Clinical, Hemodynamic, and Imaging Characteristics
A total of 20 participants were enrolled, with a mean age of 55 years; 14 (70%) were women, and 17 (85%) were white (Table 1) . Average PVR, PA mean pressure, and pulmonary capillary wedge pressure were 3.5AE2.8 WUs, 29.5AE 13.6 mm Hg, and 12.3AE6.6 mm Hg, respectively. Figure 1 further characterizes participants with low PVR (<2.5 WUs; average PVR, 1.3AE0.6 WUs; n=10) and those with high PVR (≥2.5 WUs; average PVR, 5.6AE2.6 WUs; n=10) with respect to the presence and type of pulmonary hypertension. The causes of PAH in patients with elevated PVR and elevated mean pulmonary artery pressure (n=8) were idiopathic (n=4), interstitial lung disease (n=1), connective tissue disease (n=1), chronic thromboembolic pulmonary hypertension (n=1), and amyloidosis (n=1), with a median time from diagnosis of 38 months (range, 8-115 months). In patients with elevated PVR (2.5-3 WUs) and normal mean pulmonary artery pressure (n=2), the underlying cause was interstitial lung disease in both patients, with time from diagnosis of 5 and 90 months, respectively. There were higher PA systolic, diastolic, mean, and pulse pressures and lower cardiac index in the high PVR group compared with the low PVR group (Table 2) . CMR-derived RVMI, end-diastolic volume index, and mass/volume ratio were also higher in elevated PVR group, whereas left ventricular characteristics were similar in both groups (Table 2) . Ees/Ea ratio as an estimate of RV-PA coupling was lower in the high PVR group compared with low PVR group (1.2AE0.5 versus 2.0AE0.9; P<0.01). Although Ees was not significantly different between groups, Ea was higher in the high PVR group (Table 2) .
Among the traditional measures of PA stiffness, the completely noninvasive measures (PA/aortic diameter ratio and pulsatility) were not significantly different among the groups with high or low PVR. The invasive parameters of PA stiffness that require both RHC and dynamic imaging of PA showed lower compliance, capacitance, and distensibility of PA and higher elastic modulus in the high PVR group compared with low PVR group ( Table 3) .
Association of VTF With Impedance
Mixed-model analysis showed a significant linear association of VTF with impedance (P=0.01). The association between VTF and impedance remained significant after adjustment for elevation in pulmonary capillary wedge pressure (P=0.005). There was also a significant correlation between MHFM of VTF and MLFM of impedance (Spearman's q=0.49; 95% CI, 0.41-0.77; P=0.03; see Figure S5A ). Figure 2A and 2B shows VTF and impedance averaged by groups with low or high PVR. The MHFM of VTF as well as MLFM of impedance were significantly different in the 2 groups (P<0.001 for both comparisons; Table 3 ). There was significant correlation between MHFM of VTF and PVR (Spearman's q=0.63; 95% CI, 0.24-0.84; P=0.003; see Figure S5B ) and MLFM of impedance and PVR (Spearman's q=0.86; 95% CI, 0.67-0.94; P<0.001; see Figure S5C ). Figure 3 shows receiver operating characteristic curves for impedance and VTF moduli to identify subjects with PVR ≥2.5 WUs. The MHFM of VTF had an AUC of 0.95 (95% CI, 0.86-1.00; P=0.001), comparable with the results obtained for MLFM of impedance (AUC, 0.93; 95% CI, 0.82-1.00; P=0.001). The optimal cutoff point for MHFM of VTF was 1.0, with sensitivity of 90%, specificity of 90%, positive predictive value of 90%, and negative predictive value of 90%. VTF MHFM also demonstrated consistently high AUC values (>0.80) in identifying the subjects with PVR reaching other diagnostic thresholds (1.6, 2, and 3 WUs; Figure S6 ).
Association of VTF and Invasive Impedance With PVR
MHFM of VTF showed significant moderate correlation with other parameters of pulmonary arterial stiffness, including pulsatility, compliance, capacitance, distensibility, and elastic modulus (Table S3) .
Association of VTF With RV Structure, Function, and RV-PA Coupling MHFM of VTF showed significant positive correlation with RVMI (Spearman's q=0.51; P=0.02) and strong negative correlation with RV ejection fraction (Spearman's Continuous variables are given as meanAESD, and discrete variables are given as number of individuals. ACEI indicates angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; COPD, chronic obstructive pulmonary disease; eGFR, estimated glomerular filtration rate; PVR, pulmonary vascular resistance; WU, Wood unit.
q=À0.73; P<0.001). The RV end-diastolic volume index and RV mass/end-diastolic volume ratio tended to be higher and RV stroke volume tended to be lower with increasing PA stiffness, as measured by MHFM of VTF, although these associations were not statistically significant (Table 4 ). There was a strong negative correlation between MHFM of VTF and Ees/Ea ratio (Spearman's q=À0.83; P<0.001). There was also a positive significant correlation between MHFM of VTF and Ea (Spearman's q=0.60; P<0.01), whereas the correlation between MHFM of VTF and Ees was negative and not statistically significant (Spearman's q=À0.42; P=0.08; Table 4 ). Scatterplot graphs of relationship between MHFM of VTF and RV structure, function, and RV-PA coupling parameters are shown in Figure S7 .
Reliability of VTF Measurement
Intraobserver and interobserver repeated measurements showed high intraclass correlation (0.93 and 0.94, respectively) and low relative bias (0.19 and 0.05, respectively; P>0.05 for both) in the MHFM of VTF, indicating high intraobserver and interobserver reliability in VTF calculation (Table S4) . Figure 4A through 4D depicts the VTF profiles from 4 individual study participants, 2 with normal PVR (Figure 4A and 4C) and 2 with abnormal PVR ( Figure 4B and 4D) , across a range of underlying pathological conditions. These examples highlight the increase in moduli of VTF occurs at higher frequencies (harmonics 5-7) in subjects with elevated PVR, irrespective of the elevation in pulmonary capillary wedge pressure.
Individual Patient Examples
Discussion
In this study, we proposed and prospectively validated a robust novel noninvasive surrogate estimate of PA impedance using VTF on CMR. We showed, for the first time to our knowledge, that PA impedance can be detected completely noninvasively using VTF as its surrogate. Specifically, we demonstrated the following: (1) VTF can differentiate across a spectrum of PA impedance and can detect subjects with normal PA impedance versus abnormal PA impedance associated with increased PVR and/or advanced PAH; (2) the detection of elevated PA impedance using VTF is independent of elevation in pulmonary capillary wedge pressure; (3) VTF noninvasively evaluated RV-PA coupling with significant association of VTF with Ees/Ea ratio, Ea, RV ejection fraction, and RVMI; (4) VTF was robust in its measurement, with high intraobserver and interobserver agreement on repeated independent measurements of blinded studies. This study demonstrated that VTF is an accurate and reliable noninvasive surrogate of PA impedance and, thus, can potentially be used as a screening tool for precapillary pulmonary hypertension before more expensive or invasive tests are considered. 
VTF as a Surrogate of Invasive Impedance
VTF is a surrogate of invasive impedance and not an exact measure of invasive impedance. Invasive impedance is the ratio of moduli of pressure by flow in frequency domain, whereas VTF is the ratio of moduli of output velocity profile/ input velocity profile in frequency domain. As shown in Figure 2B for group with low PVR (<2.5 WUs), normal impedance curve shows a low modulus at 0 harmonic that rapidly descends down with first minimum achieved at lowfrequency harmonics (harmonic 1 or 2). In contrast, the impedance modulus curve of the group with elevated PVR shows a high modulus at 0 harmonic, with delayed descent such that first minimum is not achieved at low-frequency harmonics and tends to occur at later harmonics ( Figure 2B ). This is the expected behavior of impedance curves, 4,5 and similar behavior in this study further lends support to the accuracy of impedance measurements in this study. Corresponding VTF curves demonstrate that VTF curves start at similar moduli at 0 harmonic for subjects with normal or high PVR but then show differentiation at higher harmonics (5-7) when impedance moduli increase in subjects with high PVR (Figure 2A ). For invasive impedance, the mean values of pressure and flow profiles are different, and thus their ratio leads to high impedance moduli at 0 and lower impedance harmonics. In contrast, for VTF, the input and output velocity curves in the PA have similar mean value, such that the VTF moduli at 0 and lower harmonics are close to 1 before separating at higher harmonics.
Interestingly, the MHFM of VTF were found to be increased in 2 patients with moderate elevation of PVR (2.5-3 WUs) and yet normal resting mean PA pressure (Figure 1 ). These 2 
Advantages of VTF Over Current Methods for Assessing PA Stiffness
The role of CMR in the diagnosis and management of patients with PAH has increased in the recent years. 27, 28 Most parameters of PA stiffness, including PA compliance, distensibility, capacitance, elasticity, and stiffness index, require a combined approach of invasive measurement of intrapulmonary pressures with RHC and noninvasive measurement of change in PA diameter or cross-sectional area within cardiac cycle. 28 The completely noninvasive measures of PA stiffness include comparison of PA diameter with aortic diameter and pulsatility, which is a measure of relative area change of PA within cardiac cycle without considering the distending PA pressures. However, these completely noninvasive measures were not significantly different in patients with low or high PVR in our study (Table 3) . PWV has been studied as a noninvasive measure of PA stiffness.
8,29-31 A major difficulty in measuring PWV is related to the change in the shape of pressure and flow waves with distance that makes it difficult to assign a single value that is definitive for the entire wave. In addition, PWV is affected by hemodynamic conditions at the time of measurement. Application of PWV to PA is further complicated by PA anatomical features because of its short distance and curvature, and a need for a high temporal resolution CMR. 32 Except studies measuring PWV in normal subjects, 30, 31 other studies involving PWV and analysis of RV CMR indexes were performed in patients with advanced PAH with overall much higher values of mean pulmonary artery pressure and PVR, thus limiting its clinical use. 8, 29, 33, 34 The latter is also true for studies applying the dynamic contrast-enhanced magnetic resonance imaging in pulmonary vascular system in patients with advanced PAH. 35, 36 Further studies are required to evaluate the applicability and accuracy of these promising approaches in clinical use, especially in subjects with mildly elevated PVR, with mean PA pressure and PVR values close to the diagnostic thresholds for PAH 37 (as it was true for a substantial portion of the cohort in the present work). VTF offers several advantages as a measure of PA stiffness. First, VTF can be reliably and accurately measured in a completely noninvasive manner. Second, VTF offers high sensitivity and specificity for detection of increased PA stiffness. This may have implications for noninvasive screening of patients for PAH, such as in patients with chronic obstructive pulmonary disease or in patients with rheumatic conditions, such as rheumatoid arthritis or scleroderma, that are associated with PAH. Third, VTF being in frequency domain is poised to be independent of hemodynamic conditions within physiologic ranges at the time of measurement, as detailed in rationale for VTF in data supplement. This may allow for comparisons between subjects or within same subject over time to be made independent of the individual heart rates and absolute systemic or pulmonary pressures. This requires validation in future longitudinal studies. Fourth, VTF can be rapidly acquired. The phase-contrast sequence to obtain VTF takes %10 minutes with fast postprocessing, which is fully automated with manual oversight. In addition, CMR imaging for VTF does not require intravenous contrast and, hence, patients do not need intravenous access. 
Limitations
There are several limitations in the present work. In this study, PA impedance was measured by using hybrid acquisition of pressure data from RHC and flow data from Doppler echocardiography. Although completely invasive assessment of PA impedance is feasible and was used in older studies in animals, 3, 38, 39 and humans, 6, 40, 41 most recent human studies on PA impedance have used the hybrid acquisition because of practicality and relative low expense. 9, 12 To avoid errors attributable to hybrid acquisition of impedance, we obtained RHC and echocardiographic Doppler measurements either simultaneously or immediately next to each other, resulting in mean time difference between PA pressure and flow measurement of 0.03 hours. Another limitation is the use of fluid-filled catheter for acquisition of invasive PA pressure measurements during RHC, as opposed to use of high-fidelity catheters, which are not available for routine clinical practice and are expensive to use. However, the behavior of impedance curves in our study for patients with low versus high PVR was as expected and as previously described in literature, lending support to the accuracy of impedance measurements in our study. The other limitation of this study is nonsimultaneous acquisition of invasive impedance (RHC-Doppler) and VTF (CMR). There are few hybrid CMR-RHC suites in the world. Thus, for all practical purposes, the only way currently to acquire RHC and CMR data in a patient is sequential. In this study, to minimize hemodynamic alterations between RHC and CMR acquisition, all studies in a participant were obtained on the same day as close to each other as logistically feasible, with a mean time difference between RHC and CMR of 2.4 hours. Although there was a close intraclass agreement of hemodynamic parameters of heart rate, blood pressure, and cardiac index at time of RHC and CMR (Table S1 ), the linear correlation between some of these parameters was moderate (Table S1 ). However, both VTF and impedance analyses are in frequency domain, rather than time domain; therefore, it is unlikely that the differences in hemodynamic parameters in physiologic range during RHC and CMR will adversely affect the VTF and impedance measurements. In this study, we measured VTF in the right PA and the impedance in the main PA. Therefore, if there may be heterogeneity in vessel stiffness in the pulmonary vasculature, such that much of the stiffness manifests in the main PA but not in the PA, the latter would be missed by this technique. Further research is needed to involve main PA in assessment of stiffness in pulmonary vasculature using VTF technique. The current study includes a small, but well-characterized, cohort with prospective enrollment and acquisition of impedance and VTF data. Therefore, a larger study is warranted for further evaluation of this novel noninvasive method for assessment of PA stiffness.
In addition, all our study participants by inclusion criteria were adults aged >18 years. Applicability of VTF in children in whom noninvasive assessment of PAH could be even more beneficial is unknown and needs investigation.
In conclusion, we have introduced a novel noninvasive parameter, VTF, that could reliably be used as a surrogate estimate of PA impedance and detection of PA stiffness using CMR. Further large and longitudinal studies are needed to evaluate the diagnostic accuracy of VTF as a screening tool for the assessment of increased PVR and for serial assessment of changes in PVR with therapy. 
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Data S1. Rationale For Velocity Transfer Function
Pulmonary Arterial (PA) Impedance
In the PA system, impedance describes the frequency dependent relationship between pressure and flow. 1 Impedance takes into account the pulsatile nature of blood flow. The compliance or stiffness of the PA and the resistance from blood viscosity and the distal capillary bed determine the frequency-dependent manner in which pressure and flow are related. Figure S1 shows pressure and flow curves measured in a patient with PA hypertension (PAH). If the pressure and flow are measured at a point, the resulting impedance is called input impedance or simply impedance. Input impedance is relatively easy to measure and calculate, but it is affected by reflected waves in both the pressure and flow curves. 2, 3 If the reflected waves are removed through post-processing techniques, the result is called characteristic impedance. 2, 3 In this paper, we exclusively use input impedance, and the term impedance refers to input impedance.
Time-varying pressure and flow can be decomposed into frequency components using Fourier analysis.
The PA impedance describes how each frequency component in the flow is related to its counterpart in the pressure in terms of magnitude and phase. The impedance magnitude describes how each frequency component is amplified (magnitude>1) or attenuated (magnitude<1) in the vessel. At a frequency of zero Hertz, the impedance describes the relationship between mean PA pressure and mean PA flow and its modulus is approximately equal to pulmonary vascular resistance. With normal arterial stiffness, the zero frequency modulus is low, as would be expected, followed by a rapid decline in impedance modulus with first minimum occurring at first or second harmonic. With increased arterial stiffness, the zero frequency modulus increase, there is decreased rate of decline of modulus with corresponding increase in frequency when the first minimum of modulus occurs. 1 As a result, in animal studies under serotonin or induced hypoxia which increases vascular resistance and PA stiffness, impedance moduli are larger than controls. 1 Similar results have been shown in humans where impedance moduli in patients with PAH are larger than in controls. 4 
Velocity Transfer Function
PA pressure measurements are obtained by invasive techniques for quantification of PA impedance.
Velocity and flow, however, can be measured non-invasively with phase-contrast cardiac magnetic resonance (CMR) at arbitrary points in the PA tree. Figure S2 shows the examples of pulsatile velocity profiles measured at the proximal point of PA (input velocity profile) and the distal point of PA (output velocity profile) in a normal human volunteer and a patient with PAH. In a normal volunteer, with a compliant PA, the velocity profile not only is shifted in the transit time between the two sites, but there are also complex shape changes across the entire wave. In a patient with PAH, the PA is stiffer and both the time shift and shape change are reduced. These time shifts and shape changes are frequency dependent and are related to the compliance and geometry of the artery between the two points. These frequencydependent changes can be compactly described by the transfer function between the two velocity profiles.
A transfer function is a function that describes the relationship between the frequency spectra of any two 
Ideally, in a stiff PA, with little change in shape of the velocity profile as it moves through a section of artery, the VTF is a relatively flat as shown in the right side of Figure S2 . In a compliant PA, the VTF is reduced at higher frequencies. In actual MRI data, the VTF magnitude profiles may differ substantially from the ideal ones in Figure S2 , but larger VTF magnitudes in the higher frequencies are associated with increased PA stiffness.
The VTF measured by this method is similar to impedance because it describes predominantly the influence of vessel geometry and compliance/stiffness to cause frequency-dependent changes in the input velocity profile as it travels through the artery thereby producing the output velocity profile. Similar to 4 impedance, VTF is affected by reflected waves, but the effect is small, as described below. Importantly, VTF can be measured non-invasively with phase contrast CMR. In the case of a stiff tube, the velocity wave profile will amplify and the high frequency modulus of VTF will be high. In contrast, if the PA is compliant the velocity wave will dampen and the high frequency modulus of VTF will be low.
Influence of Heart Rate and Pressure on Velocity Transfer Function
Expressing VTF in harmonics allows comparisons between subjects or in the same subject over time to be made independent of the individual heart rates. VTF inherently measures the behavior of a section of PA in response to pulsatile inputs driven by changing pressure gradients. Consequently, VTF is relatively insensitive to pressure over a wide range of absolute pressures. Inter-modality heart rate (HR), blood pressure (BP), and cardiac index (CI) differences are expressed as mean ± SD. CMR, cardiac magnetic resonance; DBP, diastolic blood pressure; MBP, mean blood pressure; RHC, right heart catheterization; SBP, systolic blood pressure. A, area; CMR, cardiac magnetic resonance; PA, pulmonary artery; P, pressure; PASP, pulmonary artery systolic pressure; PADP, pulmonary artery diastolic pressure; PP, pulse pressure; Q, flow; RHC, right heart catheterization; V(f), velocity-time profile. Figure S1 . Mean PA pressure and flow curves (left) in a patient with pulmonary hypertension.
MPA: main pulmonary artery. Figure S2 . Examples of pulsatile velocity profiles measured at the proximal point of PA (input velocity profile) and the distal point of PA (output velocity profile) in a normal human volunteer and a patient with PAH.
A: Flow into a PA causes distension of the vessel wall that recoils back to the original state, which results in the pulsatile component of PA impedance. In a stiff PA, the output waveform is a scaled and shifted version of the input waveform (B, left), which results in a transfer function with a constant modulus (B, right). In a compliant tube, the output of the tube has a more complex relationship with the input waveform (C, right). PA: pulmonary artery; PAH: pulmonary artery hypertension. Figure S3 . Digitization of pressure waveform and pulsed-wave Doppler waveform in the main pulmonary artery in one cardiac cycle A. Digitization of pressure waveform in the main pulmonary artery in one cardiac cycle.
B. Digitization of pulsed wave Doppler waveform in the main pulmonary artery in one cardiac cycle.
The digital data was extracted as comma separated values format for further analysis. The velocity profile was converted to flow profile as described in the Methods. 
